The isolated urinary bladder of the toad responds to neurohypophyseal hormone with a net increase of water transport from the mucosal to the serosal solution in the presence of an osmotic gradient . This response is mediated intracellularly by cyclic 3', 5'-adenosine monophosphate (AMP) . The present study demonstrates that hydroosmotically active substances such as oxytocin, dibutyryl cyclic 3', 5'-AMP, and theophylline, but not hydroosmotically inactive substances, induce the uptake of horseradish peroxidase from the mucosal solution . Peroxidase taken up by the mucosal cells is demonstrable in small tubules and vesicles, and eventually accumulates in lysosomes . The uptake of peroxidase from the serosal solution into similar bodies in the mucosal cells is not hormone-dependent. It is also shown that peroxidase does not penetrate the tight junction from either the mucosal or serosal solution . These results extend previous findings which implicated the apical membrane of the mucosal epithelium as the site affected by neurohypophyseal hormones . A mechanism based on secretory phenomena is proposed as a framework for future investigations of apical membrane permeability changes and pinocytosis .
INTRODUCTION
Neurohypophyseal hormones modify the permeability of the toad urinary bladder to water and certain other small molecules (27, 32) . There is strong evidence indicating that this action is mediated by adenosine 3', 5'-cyclic monophosphate (CAMP)' (2, 26, 45) . Further, agents such 'Abbreviations used in this paper : 5'-AMP, 5'-adenosine monophosphate ; cAMP, adenosine 3',5'-cyclic monophosphate ; dibut . cAMP, N 6 -2'-O-dibutyryl as theophylline also produce a hydroosmotic response (45) . Theophylline raises the intracellular levels of cAMP by inhibiting 3', 5'-phosphodiesterase, an enzyme which catalyzes the inactivation of CAMP (9, 25) . Leaf and Hays (33) , on the basis of physiological adenosine 3',5'-cyclic monophosphate ; MVB, multivesicular bodies.
experiments, proposed that the hormone-sensitive permeability barrier is located at the mucosal surface of the epithelial cell, a suggestion which has led to a number of electron microscopic studies of this problem (10, 18, 46, 49) . Recent electrophysiological studies by Civan and Frazier (13) provide more direct evidence that the action of neurohypophyseal hormones ultimately involves the apical permeability barrier of the mucosal epithelium .
The present electron microscopic study demonstrates a correlation between physiological changes and morphological changes specifically at the apical mucosal membrane . The neurohypophyseal hormone, oxytocin, is shown to stimulate pinocytosis of an exogenous macromolecule (horseradish peroxidase) by the toad bladder . Furthermore, Ns-2'-O-dibutyryl adenosine 3',5'-cyclic monophosphate and theophylline mimic this oxytocininduced effect, whereas several hydroosmotically inactive agents, such as the polypeptide (5-valine)-oxytocin, the protein insulin, and the acyclic nucleotide 5'-AMP, failed to do so . The experiments with peroxidase provide further evidence for the tightness of junctions between epithelial cells at the toad bladder lumen . Preliminary reports of the findings have been published (38, 39) .
MATERIALS AND METHODS
The following compounds were used in this study : oxytocin, prepared by the solid-phase method of peptide synthesis (40, 41) as described by Manning (36) ; (5-valine)-oxytocin (56) prepared by the stepwise procedure of peptide synthesis (6) . Both neurohypophyseal peptides were checked for their activities in the fowl vasodepressor assay (42) 
Preparation of Toad Bladders
Toads, Bufo marinus, supplied by National Reagents, Inc., Bridgeport, Conn ., were kept on wet peat moss. The urinary hemibladders were excised from doubly pithed toads and placed in Ringer's solution of the following composition : 110 mm NaCl, 3 mm KCI, 1 mM CaC12, 5 .5 mm dextrose, I MM M902, 3 mm NaHCO3, 10 mm Tris(hydroxymethyl)aminomethane hydrochloride (Trizma) ; the pH was adjusted to 8 .4 with NaOH . The final tonicity was found to be 242 milliosmols/liter . Bladders were mounted as sacs as described by Bentley (4) . In brief, each hemibladder was tied to the end of a hollow glass rod with surgical silk, the mucosal surface facing inward . The mounted hemibladder was filled with 7 ml of Ringer's fluid and placed in a bath of 25 ml Ringer's fluid per bladder for a 2 hr preincubation ; preincubation is known to increase the sensitivity of toad bladders to neurohypophyseal hormone (54) and CAMP (19) .
Incubation Experiments
Paired hemibladders were used, one of which served as the experimental preparation and the other as the control . The paired hemibladders were exposed to peroxidase (0.2%) with and without an osmotic gradient across the bladder. The following conditions were used :
(a) The mucosal solution used for preincubation was discarded, and both the experimental and control hemibladders were refilled with 7 ml of 3-strength Ringer's fluid containing peroxidase . The experimental hemibladder was then transferred to a fresh bath of full-strength Ringer's fluid containing 10 -7 M oxytocin, 10 -7 M (5-valine)-oxytocin, 10 -7 M insulin, 1 to 5 X 10-3 M dibut. CAMP or 10-2 M theophylline ; the control hemibladders were transferred to a serosal bath of full-strength Ringer's fluid with no additions .
(b) The mucosal solution used for preincubation was replaced by s-strength Ringer's fluid containing peroxidase . The experimental hemibladder was placed in a serosal bath of full-strength Ringer's fluid containing 10 -7 M (5-valine)-oxytocin, I to 5 X 10 -3 M dibut. CAMP or 10 -2 M theophylline ; the paired hemibladder was placed in a serosal bath of full-strength Ringer's fluid containing 10-7 M oxytocin . In addition, an experiment was carried out in which a set of hemibladders containing peroxidase dissolved in N-strength Ringer's fluid was placed in full-strength Ringer's fluid containing 5 X 10 -3 M dibut . CAMP, whereas the paired set of hemibladders was placed in full-strength Ringer's fluid containing 5 X 10 -3 M 5'-AMP .
(c) After preincubation, the mucosal solution was replaced with full-strength Ringer's fluid containing peroxidase, and then placed in a bath of either fullstrength Ringer's fluid containing 10-7 M oxytocin (experimental hemibladder) or Ringer's fluid per se (paired control hemibladders) .
(d) Preincubated bladders were emptied and re-filled in one set of experiments with full-strength Ringer's fluid, and in another set with %-strength Ringer's fluid . These bladders were placed into a full-strength Ringer's serosal bath containing peroxidase and 10_ 7 M oxytocin (experimental hemibladders) or no hormone (paired control hemibladders) . Although the incubations were generally carried out for 1 hr, several incubation experiments were terminated after 10 and 20 min. Ali bladders were weighed at 30-60 min to determine the rate at which water escaped from the mucosal solution . Bladders from at least three toads were studied with a given compound, except in the case of insulin where bladders of two toads were tested .
Cytochemical Preparation
PEROXIDASE ACTIVITY : After the incubation period the bladders were cut into 2-mm-wide strips . Several of these strips were fixed in Karnovsky's phosphate-or cacodylate-buffered formaldehydeglutaraldehyde solution (30) . After 2-4 hr of fixation at room temperature and an overnight buffer rinse, the strips were cut into 2-mm 2 pieces . Frozen sections (24) , which frequently provide a more uniform reaction product than unfrozen tissue, were difficult to prepare from toad bladder . Therefore, the 2-mm 2 bladder pieces were frozen on the head of a freezing microtome (37) , and then incubated for 60 min at room temperature in the medium of Graham and Karnovsky (24) . This medium without H202 or without diaminobenzidine served as a control . As a control for intrinsic peroxidase activity, bladders not exposed to peroxidase were incubated in an 5 84 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 identical manner . To exclude the possibility that peroxidase activity in the experimental bladders was exclusively extracellular, bladders were incubated in oxytocin-or dibut . cAMP-containing serosal fluid (but with no peroxidase added to the serosal or mucosal solution) and subsequently fixed, as described above, in Karnovsky's fixative and rinsed overnight . These strips were then soaked in 0 .2% peroxidase in Tris buffer for 30 min, washed in three rinses of buffer, and refixed in Karnovsky's solution for 15 min (31) . They were then frozen and incubated in the medium of Graham and Karnovsky as outlined above, ACID PHOSPHATASE ACTIVITY : To study acid phosphatase activity, several of the 2-mm-wide bladder strips were fixed in 2% glutaraldehyde in 0 .1 M cacodylate (53), rinsed in buffer overnight, and cut into 2-mm. 2 pieces which were frozen on the microtome head . These pieces were then incubated at 37°C in Gomori medium with cytosine monophosphate as substrate (44) ; substrate-free medium served as a control . For light microscopy, reaction product was visualized with ammonium sulfide . Electron microscopic preparations were not visualized ; they were postfixed in osmium tetroxide and embedded as described below.
Electron Microscopic Preparation
After cytochemical incubation the bladder pieces were rinsed in 7 .5% sucrose and placed in 1 % OS04 in phosphate or Veronal acetate buffer (47) for up to 2 hr on ice . Dehydration in a graded series of ethanol on ice was followed by propylene oxide and Peroxidase was present in the serosal solution . In the granular (G) and mitochondria-rich (M) cell vesicles (V) containing peroxidase reaction product are seen adjacent to the basement membrane (B) and intercellular spaces (I) . The lumen (L) and a tight junction (T) show no reaction product . The thin section was not stained . X 29,600. Insert (upper left) : Portion of a bladder incubated in the presence of an osmotic gradient but not treated with oxytocin . Peroxidase from the serosal solution is demonstrated in the intercellular space (I) but is excluded from the tight junction (T) . The thin section was stained with uranyl and lead . X 81,800. embedding in Epon 812 (35) . Before dehydration some pieces were stained with uranyl acetate en bloc (23) . Silver to gold sections were cut on a PorterBlum ultramicrotome with a diamond knife. Thick sections of each block were viewed by phase-contrast microscopy to orient the block for cross-sectioning through all the tissue layers . Unstained sections and sections stained with lead citrate (52) or with uranyl acetate (57) followed by lead citrate were viewed with a RCA EMU-3F electron microscope . To eliminate possible nonobjectivity of the microscopist, "blind" experiments were performed in which unidentified sections from the different experimental conditions were studied for pinocytic activity . Serial sections of oxytocin-treated bladders (Incubation Experiments [a]) were studied for the intracellular localization of peroxidase activity .
RESULTS

Peroxidase in the Serosal Solution
Peroxidase placed in the serosal bath is demonstrable in the submucosa and the intercellular spaces of the mucosal epithelium ( Figs . 1 and 2 ) . The serosal epithelium is incomplete and the submucosa is readily accessible to peroxidase . Tubules and vesicles containing peroxidase reaction product are seen in the granular cells, the mitochondria-rich cells and the basal cells of the mucosal epithelium (Fig . 2) . In addition, many multivescular and some dense bodies in these three cell types contain peroxidase reaction product (Fig . 3) . The VOLUME 49, 1971 marker enzyme is never demonstrable in the tight junction at the luminal border nor on the luminal surface of the cells (Fig. 2) . There is no detectable difference between control bladders and those exposed to oxytocin, nor between bladders incubated with or without an osmotic gradient . The appearance of the organelles of the different cell types and the cytoplasmic density do not vary under these diverse conditions ; however, the variability in the enlargement of intercellular spaces in hormonally stimulated bladders reported by DiBona and Civan (16) is likewise seen in our preparations .
Peroxidase in the Mucosal Solution
Pinocytosis induced by the various biologically active compounds (agonists) was correlated with the hydroosmotic response in the identical hemibladder . Typical relative hydroosmotic responses to the compounds are cited in Table I . NO OXYTOCIN : When the bladder was exposed to peroxidase in the mucosal solution, peroxidase reaction product is demonstrable on the luminal surface of the epithelial cell including the evaginations and troughs of the microvilli (Fig . 4) . The tight junctional region is free of peroxidase reaction product .
In some sections reaction product is seen in tubules and vesicles within a few cells and in the intercellular spaces . In all these instances we observed, by phase-contrast microscopy that adjacent to the cells which contain vesicles with peroxidase activity was a damaged cell filled with peroxidase reaction product. Furthermore, reaction product outlines the basement membrane regions of these cells and their intercellular spaces up to, but not including, the tight junctions (Fig. 5 ) . This pattern of uptake around damaged cells was a consistent finding in all the preparations containing peroxidase in the mucosal solution discussed below, and is similar to that observed when peroxidase was present in the serosal solution (see above) .
The regular finding of damaged cells is not unexpected if one considers the manipulation involved in the preparation of the bladder and normal cellular turnover ; basal cells have been suggested as the source for cell renewal at the luminal surface (17) . In fact, these limited regions of free passage for molecules may be the structural basis for the small amount of water loss ("basal rate" of water loss) in the absence of hormone (54) .
oxYTOCIN : When oxytocin was present in the serosal solution, peroxidase reaction product is seen No methylxanthine added 0 .1 in many membrane-delimited bodies within the mitochondria-rich and granular cell types of the epithelium : tubules, vesicles, multivescular bodies (MVB), and dense bodies ( Fig . 7 and 8 ) . Peroxidase is not seen in the tight junction (Fig . 7) . The pattern of uptake and the organelles of the epithelial cells were identical irrespective of the fact that some hormone-stimulated bladders were exposed to an osmotic gradient, and therefore experienced a net water flux, while others, not exposed to an osmotic gradient, had not experienced a net water transfer .
To determine whether the tubules and vesicles containing peroxidase reaction product were still connected to the luminal membrane or were truly intracellular, two techniques were used : (a) study of serial sections of bladders stimulated by hormone in the presence of peroxidase, and (b) study of sections of bladders stimulated by hormone, fixed, and subsequently exposed to peroxidase en bloc . The serial sections showed that some of the vesicular images are actually cross-sections of tubules, and that some bodies which appear entirely intracellular in one thin section show continuities with the plasma membrane in another . However, some of the peroxidase-containing tubules and vesicles do not show such continuities, and thus apparently have separated from the surface .
Peroxidase-soaked, fixed bladders likewise showed that many of the vesicles and tubules in question were intracellular ; reaction product was present on the luminal surface of the mucosal epithelium, but most vesicles and tubules were not reached by peroxidase . A few of the vesicles at the lateral and basal cell surfaces of the mucosal epithelium contain peroxidase reaction product . In contrast, in the serosal mesothelium many pinocytic vesicles are accessible to peroxidase under the conditions of the soak experiment, and presumably are still attached to the cell surface ; these vesicles are seen in hormonally stimulated and unstimulated bladders. It should be noted that the trough between the microvilli on the cell surface seen in Fig . 4 could in cross-section be interpreted as a vesicle or vacuole ; but the presence of peroxidase reaction product in such a vesicular image of bladders exposed to peroxidase en bloc would militate against this interpretation .
(5 -VALINE) -OXYTOCIN : (5 -valine) -oxytocin, an analog of oxytocin which fails to elicit a hydroosmotic response at a concentration of 10 -7 M (see reference 19 and Table I ) was used to determine the specificity of the pinocytic effect induced by the nonapeptide oxytocin . The bladders exposed to (5-valine)-oxytocin appear identical to control hemibladders placed in Ringer's fluid alone . Peroxidase reaction product is not seen in membrane-delimited bodies in the epithelial cells . DIBUTYRYL 3',5'-CYCLIC AMP ; 5'-AMP ; AND THEOPHYLLINE : Exogenous dibut . CAMP (21), a potent stimulant of the hydroosmotic response in the intact bladder (20) , also promotes uptake of peroxidase from the mucosal solution (Figs . 10 and 11) . The degree of pinocytosis in bladders exposed to dibut . cAMP is essentially indistinguishable from that in bladders treated with oxytocin ; peroxidase is seen in tubules, vesicles, MVBs, and dense bodies (Figs . 10 and I1) . We used an equal molar concentration of the hydroosmotically inactive 5'-AMP (Table I and see reference 45), as a control for a possible nonspecific effect of the active cyclic nucleotide . Bladders placed in a serosal bath containing 5'-AMP do not contain intracellular peroxidase reaction product . Theophylline, which inhibits the breakdown of CAMP, elicits a hydroosmotic response (see Table I ) . In theophylline-treated bladders we find a few cells in the mucosal epithelium with vesicles and multivesicular bodies containing peroxidase reaction product (Fig . 6) .
INSULIN : As a further control for possible nonspecific pinocytic stimulation insulin, which is hydroosmotically inactive (51), was tested . The effects of insulin on pinocytosis in other tissues are unclear (3, 55) . While insulin may be among the compounds which induce pinocytosis in fat cells, the specificity, frequency, and physiological importance of this effect have yet to be adequately evaluated . In our study, bladders exposed to insulin appear identical to those which did not experience oxytocin treatment .
Acid Phosphatase
Since the externally applied peroxidase was found in dense bodies and MVBs as well as in the tubules and vesicles, it was important to determine whether these structures were lysosomes as shown in other tissues (15, 23, 28, 29, 37, 43) . Cytochemically, a membrane-delimited body can be tentatively identified as a lysosome if it has demonstrable acid phosphatase activity (43) . Acid phosphatase activity is found in the dense bodies of the toad bladder epithelial cells (Fig . 9) . Occasionally,
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Hormonally Induced Pinocytosis 587 reaction product is seen in vesicles and saccules of the Golgi apparatus and in MVBs . Presumably MVBs containing peroxidase will subsequently be transformed into lysosomes by fusion with acid hydrolase-containing bodies (23) . DISCUSSION Using horseradish peroxidase as an exogenous, macromolecular marker for the origin of intracellular tubules and vesicles, we have demonstrated a neurohypophyseal hormone-dependent and cAMP-mediated change in the apical cell membrane of the toad bladder epithelium . Pinocytosis of the marker molecule from the mucosal solution was paralleled by hormone-induced water permeability in the intact bladder . Oxytocin, dibut . CAMP, and theophylline, all of which when added to the serosal bath elicit a hydroosmotic response along an osmotic gradient in the intact bladder, stimulate the pinocytic uptake of peroxidase into tubules and vesicles . Choi (12) , studying bladders primarily from dehydrated toads in which levels of endogenous neurohypophyseal hormone are high (5), likewise found evidence of pinocytic activity . It is noteworthy that bladders treated with theophylline, the weakest agonist of the hydroosmotically active agents tested, show the least amount of peroxidase uptake. The absence of pinocytosis in bladders not exposed to hormone or exposed to agents which are essentially hydroosmotically inactive, such as 10-7 M (5-valine)-oxytocin, 5'-AMP, or insulin, supports the contention that the pinocytic effect is a specific response to neurohypophyseal hormones. The oxytocin and cAMP-stimulated pinocytosis observed in the toad bladder may be comparable to the endocytosis of colloid by thyroid follicular cells which is stimulated by thyrotropin in vivo (58) and CAMP in vitro (48) and the increased pinocytosis after epinephrine administration in isolated fat cells (14) . As in the thyroid and many other cell types (15) , most of the peroxidase pinocytosed by the bladder mucosal cells eventually accumulates in lysosomes, which strongly indicates that the peroxidase in the mucosal cells is truly intracellular .
Further support for this contention comes from serial sections in which peroxidase-containing tubules and vesicles are seen which have no contact with the cell surface. Moreover, bladders soaked in peroxidase after fixation incorporate peroxidase reaction product only into a few of their vesicles and tubules, and in none of their multivesicular and dense bodies, substantiating the absence of continuity of these structures with the cell surface . FIGURE 3 Portion of the mucosa of a bladder exposed to an osmotic gradient in the absence of oxytocin . Peroxidase was added to the serosal solution . Intercellular spaces (I) of cells are outlined by reaction product which is also present in a coated vesicle (V), a vacuole-like structure (Va), and a multivesicular body (M) . A mitochondrion is seen at Mi, a granule at G, and the basement membrane at B . The thin section was stained with uranyl and lead . X 27,000 . cAMP in the presence of an osmotic gradient . Peroxidase was included in the mucosal solution . Reaction product is seen in multivesicular bodies (M) . In Fig . 11 reaction product is seen in a dense body (D), in a tubule (Tu), and a vacuole-like structure (V) . At the lumen (L) reaction product is present on the apical cell membrane . In both figures reaction product is absent from the tight junctions (T), from the desmosome (De) (Fig. 10) , and the spaces between adjacent cells (S) (Fig . 11) ; the electron density in the region of the tight junction (T) in Fig . 10 results from the use of uranyl as an en bloc stain . Granules are indicated by G and mitochondria by Mi . The thin sections were stained in uranyl and lead ; Thus it appears that neurohypophyseal hormones change the apical membrane structure, as reflected by pinocytosis. A decrease in DC resistance at this membrane has been described by Civan and Frazier (13) . In this context, it is of interest that in the most intensively studied pinocytic system, the ameba Chaos chaos L ., a compara- We are grateful to Dr. R . T . Havran for preparing the neurohypophyseal peptides and to Dr. P . Eggena for measuring water permeability of intact bladders . Technical assistance for electron microscopy was
